Background: Skin toxicity is a common adverse effect of erlotinib and other anti-epidermal growth factor receptor (EGFR) agents. The aim of the study was to explore the relationship between markers in the EGFR pathway and skin rash.
introduction
Erlotinib is an oral small molecule inhibitor of epidermal growth factor receptor (EGFR) tyrosine kinase (TK) [1] with activity in non-small-cell lung cancer [2] . Skin toxicity is a frequently seen side-effect of anti-EGFR agents with an incidence of 47% to 100% [3] . The dermatologic reactions from anti-EGFR agents, which include antibodies against the extracellular ligand-binding domain of the receptor and small molecules that inhibit activation of the EGFR-TK [2, 4, 5, 6] , are commonly found in sites where EGFR is expressed, such as the basal epidermal keratinocytes of epidermis, sebaceous glands, and hair follicles [7, 8, 9] . Histopathological findings of the skin lesion reveal folliculitis and perifolliculitis with a diffuse neutrophilic infiltrate in the dermis [10] . It has been speculated that cutaneous toxicity from anti-EGFR therapy may be a result of an inflammatory response secondary to EGFR inhibition and/or decreased keratinocyte proliferation/ maturation. However, the underlying mechanisms of rash development are still largely unknown, and there are no predictive markers available.
In our trial, 18 patients with metastatic breast cancer were treated with an oral daily dose of erlotinib at 150 mg until disease progression or withdrawal from toxicity; grade 1 and 2 rash were observed in 61% (11 of 18) of patients [8] . To test the hypothesis that rash was due to changes in the EGFR signaling pathway following treatment with erlotinib, EGFR, phosphorylated EGFR (pEGFR), phosphorylated mitogen-activated protein kinase (pMAPK), phosphorylated Akt (pAkt) or Ki67 in skin pre-and posttreatment and the changes from pre-to posttreatment were examined and their relationship to skin toxicity were analyzed. In addition, gene expression profiling study was carried out to explore the potential mechanisms of skin toxicity.
patients and methods
patients, skin biopsies, and pharmacokenetics Eligibility criteria, treatment plan, clinical, and toxicity evaluation have been described previously [8] . The study was approved by the Institutional Review Board of the National Cancer Institute (NCI). All patients gave written informed consent before treatment and biopsy procedure. From January to December 2002, 18 patients with metastatic breast cancer were treated with daily oral erlotinib at 150 mg. Fifteen patients were assessable original article for tissue correlative studies. Toxic effects for all patients were graded by the NCI Common Toxicity Criteria, version 2.0 [11] . As for skin rash/ desquamation, lesions without symptoms were classified as grade 1, lesions with symptoms (<50% body surface) as grade 2, lesions with symptoms (>50% body surface) as grade 3, and exfoliative, ulcerative or bullous erythroderma as grade 4. Skin biopsies were obtained at baseline and a month after erlotinib treatment. The samplings were taken from the same sites as the baseline biopsies to facilitate the pharmacodynamic (marker) studies. All patients underwent 4 mm punch biopsies of unaffected areas of skin from the upper back under local anesthesia. For each of these sites, a sample was immediately fixed in formalin and subsequently embedded in paraffin.
Pharmacokinetic sampling and analysis were described previously [8] . Briefly, heparinized blood samples were obtained before erlotinib and then approximately on day 28 at 0, 1, 3, 5, 8, 12 , and 24 h after erlotinib administration. Plasma erlotinib concentrations were measured using a validated liquid chromatographic assay with ultraviolet detection [12] .
antibody validation, immunohistochemistry, and quantitative analyses
Validation of antibodies to pEGFR, pAkt, and pMAPK by western blotting and immunocytochemistry on the EGF-responsive MCF10A human breast epithelial cells fixed with formalin was described previously [8] .
Immunohistochemical staining for EGFR, pEGFR, pMAPK, pAkt, and Ki67 in skin sections on formalin-fixed paraffin-embedded paired biopsies before and during erlotinib treatment from 15 patients was also previously described [8, 13] . These biomarkers were scored quantitatively with the assistance of the Automated Cellular Imaging System (ChromaVision, San Juan Capistrano, CA) [8] .
statistical analysis
The association between EGFR, pEGFR, pMAPK, pAkt, or Ki67 in skin (pretreatment, posttreatment, and the difference from pre-to posttreatment), and increasing grade of rash (0 to 2) was determined using a Jonckheere-Terpstra test [14] . The association between the degree of skin rash and pharmacokinetic parameters, such as total area under the curve (AUC), steady state drug concentration, peak plasma concentration, or trough concentration was also evaluated using the Jonckheere-Terpstra test. All P values were two-tailed, and presented without formal adjustment for multiple comparisons. Because of the many tests carried out in this exploratory analysis, all P values <0.01 were considered statistically significant and 0.01 < P < 0.05 as trends.
gene expression profiling and analysis
Tumor biopsies from 10 patients were obtained using an 18-gauge needle (six biopsies) or punch biopsy for skin lesion (four biopsies) 1 month after erlotinib treatment. Among the 10 patients, five did not experience rash, three developed grade 1 rash, and two had grade 2 rash. Procedures for snap frozen biopsy, RNA extraction, and array hybridization have been previously described [13] . All analyses were carried out on log transformed median-normalized expression as previously described [13] . Genes that were called absent in 50% of the array samples were excluded from analysis with 8220 genes retained. Among these, the top 90% varied genes (6502 genes) were used for statistical data analysis.
The evaluation of which gene ontology categories were differentially expressed between the rash and nonrash group patients was carried out using a functional class scoring analysis as previously described [13, 15] . Functional class scoring is a more powerful method of identifying differentially expressed gene classes than the more common overrepresentation analysis or annotation of gene lists based on individually analyzed genes. The functional class scoring analysis for gene ontology classes was done using BRB-ArrayTools (available at http:// linus.nci.nih.gov).
results

acneiform rash
The acneiform rash (most often acne-like) occurred a few days after administration of erlotinib and reached a maximum 2 to 3 weeks following erlotinib treatment. The characteristic rash was frequently found on the face, neck and retroauricular area, scalp, and upper trunk. Grade 1 and 2 rash were observed in 11 of 18 (61%, 95% confidence interval 35.7% to 82.7%) patients. Among the 15 patients who had skin biopsies, six did not experience a rash, five developed grade 1 rash, and four had grade 2 rash. Histopathological evaluation revealed perivascular and diffuse infiltration of neutrophilic infiltrate in the dermis (Figure 1 ).
EGFR pathway markers and skin rash
First, to examine the baseline marker activity in skin, immunohistochemical staining in normal skin sections was carried out. EGFR and pEGFR at baseline were not associated (Table 1) . As shown in Table 1 , the mean (6standard error of the mean) pAkt level at baseline was significantly higher in patients with no rash than those with grade 1 rash or grade 2 rash (18.
overall trend). For example, Akt activity at baseline was high in a patient with no rash compared with being low in a patient with grade 2 rash (Figure 2A and B) . However, there were no significant associations between the 
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original article level of MAPK activity or keratinocyte proliferation at baseline in skin, and the increasing grade of rash (Table 1 ). These data indicate that high Akt activity at baseline was highly correlated with not developing a rash. However, after erlotinib treatment, Akt activity was no longer associated with rash (Table 1) . Second, among posttreatment markers and the marker changes from pre-to posttreatment, MAPK activity posttreatment in skin exhibited a trend towards an association with increasing grade of rash (P = 0.036). It appears that patients with grade 2 rash had much higher MAPK activity. For example, MAPK activity was low in a patient with no rash versus high in a patient with grade 2 rash (Figure 2C and D) . However, EGFR, pEGFR, pEGFR/EGFR ratio (data not shown) or Ki67 at baseline, posttreatment, and the differences from baseline to posttreatment were not associated with skin toxicity.
differentially expressed GO categories between rash and nonrash groups
In order to explore the role of MAPK activity posttreatment on skin toxicity, gene expression profiling study was carried out using tumor skin and/or tumor biopsies which were available for the study. As shown in Table 2 , the representative significant gene ontology (GO) classes that separated the two groups were those of oxygen and reactive oxygen species metabolism (P = 0.0004), Wnt receptor signaling pathway (P = 0.0007), MAPK phosphatase activity (P = 0.002), T-cell activation (P = 0.003) or response to oxidative stress (P = 0.004). Of 11 (out of 1217) GOs statistically significant by Kolmogorov-Smirnov (KS) statistic at P < 0.005 level, 6.1 false positive GO categories would be expected by chance corresponding to a false discovery rate of 55.4% (6.1 of 11).
assessment of skin rash and pharmacokinetic parameters
Pharmacokinetic parameters and skin toxicity were assessed to evaluate the relationship between skin rash and exposure to erlotinib. No statistically significant associations were found between erlotinib pharmacokinetic parameters including AUC, mean steady state concentration, peak plasma concentration, trough concentration, and the incidence of rash although patients with grade 2 rash tended to have high trough plasma drug and steady state drug concentrations (data not shown). Figure 1 showed a grade 2 rash from a patient with a high steady state of plasma erlotinib concentration (3.355 l/ml). Histopathological analysis of the skin biopsy showed inflammatory cells infiltrating dermis.
discussion
Active Akt, but not EGFR or pEGFR, was significantly associated with not developing a rash. This finding is consistent with the putative role of Akt on mediating survival effect. original article
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Akt has been known to provide an essential survival signal required for differentiation and stratification of primary human keratinocytes [16] . It is reported that the activation of the PI3K/Akt pathway in keratinocyte differentiation depends on the activity of the EGFR, Src families of tyrosine kinases and the engagement of E-cadherin-mediated adhesion [17] . Active Akt, which is not necessarily in agreement with EGFR or pEGFR status, was found to be negatively associated with rash. However, after erlotinib treatment, Akt activity was no longer associated with rash, indicating that erlotinib treatment may have altered EGFR/Akt signaling cascade and/or keratinocyte differentiation (Table 1) .
Unexpectedly, levels of MAPK activity had a trend in association with skin toxicity after daily erlotinib administration for a month. It was unclear whether MAPK activity was not suppressed by erlotinib in grade 2 rash patients or whether MAPK activity was induced by the toxic metabolites of erlotinib. In this regard, gene expression profiling study was carried out using tumor skin and/or tumor biopsies to delineate the role of MAPK activity on skin toxicity. Of 11 GO categories that significantly differed from the rash to the nonrash patients, the oxygen and reactive oxygen species metabolism or oxidative stress GO class (KS permutation P value = 0.00043) was of interest. The oxygen and reactive oxygen species metabolism is known to mediate activation of MAPK and nuclear factor-kappaB (NF-kappaB) signaling pathways in normal human epidermal keratinocytes [18] . It was possible that daily erlotinib administration or its metabolites may have caused reactive oxygen production or 'oxidative stress' in patients, leading to the activation of MAPK and NF-kappaB signaling pathways. Both pathways may have contributed to the inflammatory reaction and rash development.
In conclusion, we have identified that baseline Akt activity is significantly higher in normal keratinocytes in patients who did not versus those who developed rash. Low skin Akt activity may help to identify the patients who are more likely to develop skin toxicity from erlotinib and perhaps from other anti-EGFR agents. In addition, we have found that levels of MAPK activity are linked to skin toxicity following erlotinib treatment. Therefore, to add a MAPK inhibitor to patients undergoing treatment with EGFR-TK inhibitors may help to reduce or manage rash. This observation warrants further preclinical and clinical investigation. 
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